Abstract: Fluid catalytic cracking (FCC) processes have been used widely in petroleum refineries. FCC regenerators play important roles for maintaining catalyst activity and supply the reaction heat. The regenerator efficiency is mainly connected to the hydrodynamics of the fluidized bed, because the gas and solid behaviors are very important factors in mass and heat transfer. The void properties, such as chord length, rising velocity, frequency, and fraction, have been determined in a large cold flow model (0.48 m-ID × 6.4 m-high) of the FCC regenerator, which was geometrically scaled down from a commercial FCC unit. The local void chord length, rising velocity, frequency, and fraction exhibit their maximum value along the radial direction of the bed. The cross-sectional mean void chord length, rising velocity, and fraction increase and the cross-sectional mean void frequency decreases with height in the bed. The variation of void properties in the FCC regenerator with turbulent fluidized bed exhibit similar trends to those in a bubbling fluidized bed. The void properties in the FCC regenerator have been correlated with the experimental parameter on the basis of bubbling bed concept. The predicted void velocities based on the correlations agreed well with the experimental data from present and previous studies. A modified bubbling fluidized bed model could describe the void properties in the regenerator operated in turbulent fluidized bed regime.
Introduction
Fluid catalytic cracking (FCC) processes have been used widely in petroleum refineries to convert the high-molecular weight hydrocarbons into more valuable propylene, gasoline, and gas oil, etc. [1] . In the process, an FCC regenerator is utilized to burn off the coke deposit on catalysts surface with air for maintaining catalyst activity at a useful level and supply heat for the FCC reaction in the riser. Much efforts have been devoted to make the FCC process more efficient and profitable with reliable processing of much heavier feedstock such as atmospheric residue [2] . The heavy feedstock has a tendency to produce high coke yields that may give rise to incomplete catalysts regeneration problems, which lead to the development of two-stage regeneration in the units. Conventional FCC regenerators are typically operated at the gas velocities of 0.6-1.2 m/s which corresponds to the turbulent fluidization regime [3] . There has been a continuing demand on mathematical models for better description and analysis of the regenerator operation to increase regeneration efficiency. The efficiency is mainly connected to the hydrodynamics of the fluidized bed, because the gas and solid behaviors are very important factors in mass and heat transfer. However, the theoretical prediction of gas and particle behaviors is still difficult, especially on bubble formation and movement in the fluidized bed. The hydrodynamic modeling requires experimental data, particularly relating the bubble or void motions as input parameters in many proposed two-phase reactor models for the turbulent fluidized bed [4, 5] . Numerous research works on the hydrodynamics in the fluidized beds have been conducted. However, experimental studies on the void properties in the turbulent bed are sparse compared to studies on bubbling fluidized bed, because of complicated and chaotic flow characteristics in the bed [5] . Further research is still required on the hydrodynamic behaviors in the dense bed including the void properties in the turbulent flow regime [6] .
Previous studies on void behaviors in turbulent fluidized beds have been carried out mostly with Geldart B particles such as ash and sand for the combustor applications [7, 8] . A few studies [5, 9, 10] reported limited data in the turbulent fluidized bed with FCC catalysts for the FCC regenerator application. And, the correlations for predicting the void properties in turbulent fluidized bed of the FCC catalysts are comparatively sparse.
The accurate and appropriate instrumentation techniques for measurement of the void properties is needed to describe the hydrodynamic flow behavior of the turbulent fluidized bed. Intrusive and non-intrusive methods have been applied for acquiring the void or bubble properties in the gas-solid fluidized beds. The non-intrusive methods such as laser sheet, tomography, and nuclear magnetic resonance techniques measure the whole image of the particles flow in a wide range [11] . However, they are mostly used for small diameter column due to the limitation of signal penetration [5] . The hydrodynamic flow behavior of a fluidized bed can be measured by intrusive techniques, such as the optical fiber and capacitance probes, with the advantage of easily acquiring the instantaneous void velocity and describing local flow structure, even in large diameter column [12] . The optical fiber technique could directly provide local void properties with signal processing by cross-correlation such as peak-to-peak analysis [13] .
In the present study, the void properties in the turbulent fluidized bed have been determined by the optical fiber probe technique in a large cold flow model, which was geometrically scaled down from the two-staged regenerator in a commercial 58,000 B/D FCC unit. The obtained void properties have been correlated with the experimental parameters from present and previous studies.
Materials and Methods

Materials and Experimental Apparatus
Experiments were carried out using a Plexiglas FCC regenerator as in Figure 1 . It consisted of the first (0.48 m-ID) and the second (0.26 m-ID) regenerators. Each regenerator had the enlarged top section of column (the first: 0.90 m; the second: 0.48 m). The distributor of the first regenerator is shown in Figure 1b . Air was supplied respectively into two regenerators and the gas exiting the second regenerator was re-injected into the first regenerator through the pipes around the distributor to simulate the operation of the commercial regenerator. Manometers and pressure transmitters were installed on the column wall to measure pressure drops between pressure taps from which the solid holdups were deduced. The bed materials were spent FCC catalysts (Geldart group A) with the physical properties as shown in Table 1 . The measurements of void properties were carried out in the first regenerator, which is an important part because 70 percent of the total coke produced is burned there [3] . The air velocity in the first regenerator was varied 1.00-1.13 m/s (Re = 31,054-35,091) and the second regenerator was kept at gas velocity of 1.00 m/s (Re = 16,821), which corresponded to operating range of commercial reactor [3, 14] . An optical fiber probe system of reflective type was used to determine the void properties. The optical fiber probe technique has widely been used for measuring voidage, bubble and void behaviors in fluidized beds as an intrusive measurement due to its simplicity and high signal to noise ratio [5, 15] . The probe system is schematically shown in Figure 2a . The probe was comprised of two separate pairs of optical fibers (500 μm-ID). One pair was light emitter which is connected to a Helium-Neon laser (Uniphase 1144, US) with 17 mW as the light source, and the others were receivers of the reflective light as the particles passed the tips of the probe. The receivers were connected to two phototransistors and data acquisition system to record the instantaneous light signals. The sampling frequency (the number of samples per second) of signals was selected at 2000 Hz based on a previous study [14] , and sampling time was 30 s for each experimental case. The measurements were conducted at four elevations (h = 0.24, 0.34, 0.44, 0.60 m), considering the minimization of the local inlet impacts by the solid transport line and jet length from distributor nozzle. An optical fiber probe system of reflective type was used to determine the void properties. The optical fiber probe technique has widely been used for measuring voidage, bubble and void behaviors in fluidized beds as an intrusive measurement due to its simplicity and high signal to noise ratio [5, 15] . The probe system is schematically shown in Figure 2a . The probe was comprised of two separate pairs of optical fibers (500 µm-ID). One pair was light emitter which is connected to a Helium-Neon laser (Uniphase 1144, US) with 17 mW as the light source, and the others were receivers of the reflective light as the particles passed the tips of the probe. The receivers were connected to two phototransistors and data acquisition system to record the instantaneous light signals. The sampling frequency (the number of samples per second) of signals was selected at 2000 Hz based on a previous study [14] , and sampling time was 30 s for each experimental case. The measurements were conducted at four elevations (h = 0.24, 0.34, 0.44, 0.60 m), considering the minimization of the local inlet impacts by the solid transport line and jet length from distributor nozzle. An optical fiber probe system of reflective type was used to determine the void properties. The optical fiber probe technique has widely been used for measuring voidage, bubble and void behaviors in fluidized beds as an intrusive measurement due to its simplicity and high signal to noise ratio [5, 15] . The probe system is schematically shown in Figure 2a . The probe was comprised of two separate pairs of optical fibers (500 μm-ID). One pair was light emitter which is connected to a Helium-Neon laser (Uniphase 1144, US) with 17 mW as the light source, and the others were receivers of the reflective light as the particles passed the tips of the probe. The receivers were connected to two phototransistors and data acquisition system to record the instantaneous light signals. The sampling frequency (the number of samples per second) of signals was selected at 2000 Hz based on a previous study [14] , and sampling time was 30 s for each experimental case. The measurements were conducted at four elevations (h = 0.24, 0.34, 0.44, 0.60 m), considering the minimization of the local inlet impacts by the solid transport line and jet length from distributor nozzle. 
Data Analysis
A time series analysis [15] [16] [17] was performed on the probe signals prior to calculation of the void properties. The time lag (τ max ) between void contacting at two tips was obtained by the cross-correlation analysis on void peak signals after filtering signal of solid emulsion phase above reference signal as in Figure 2b [5, 10, 13, 15] . Then, the time averaged void rising velocity, U v , was calculated by dividing the distance between two tips (d) by the τ max as:
Locally measuring probes usually measure chord lengths that can be used to characterize bubble sizes as shown in Figure 2b . The void chord length was calculated from the void contact time (t i ) at the tip as:
The void frequency was calculated from the number of void peaks (n i ) detected at the probe tips per total measuring time (T) as follows.
The fraction of void was assessed as the cumulative time of the void contact at the tip for all peaks in a spectrum, divided by the total measuring time (T) as [5, 10] :
The obtained local bubble properties were averaged over the area at each height to see the effect of height on the average properties. The area-mean properties were calculated by dividing the local time-averaged properties by the area percentage of the region corresponding to the measurement position, assuming to be uniform over the region.
Results
Void Properties
The axial distributions of solid holdup in the first regenerator at different gas velocity are shown in Figure 3 . The initial static height in the first regenerator was 0.6 m. The dense bed was formed at a height of 0.7 m from the distributor at given gas velocities. A transition region from dense to dilute phase was shown due to the increase in entrainment of the catalyst particles from the dense bed. An increment of gas velocity decreased the solid holdup in the dense bed. Particularly, gas eddies, solid down-flow, and temporarily stagnant solid-gas flow were observed at the column wall around dense region. The flow behavior near wall may be caused by shear force from turbulent gas eddies and solids down-flow as in bubbling fluidization in larger beds more than 0.3 m, where solids emulsion has gulf streaming [18] . Therefore, the first regenerator forms a gulf-stream structure of gas-solid flow, where with up-flow in the center region and emulsion down-flow near the wall region at the operating gas velocities of this study. The variation of local void chord length (lv) along the radial direction of the bed and the effect of height in the bed on the area-mean void chord length are shown in Figure 4 . The radial lv exhibited spatially non-uniform distribution, and it had a maximum lv in the annular region at different bed height as in Figure 4a . The radial distribution of local lv along the bed height was somewhat different from that reported by Farag et al. [10] , where the distribution of lv near the distributor was flat and the maximum value was found r/R between 0.8 and 1.0 along the bed height. The difference of results was due to the distributor type and resulting non-uniform gas introduction into the FCC regenerator [19] . The gas was injected into two regions in the first regenerator as in Figure 1b . In the center region (r/R = 0-0.54), fresh air was supplied through a perforated type distributor having large air fraction by large opening ratio compared to the annular region. In the annular region (r/R = 0.54-1.0), air through a pipe sparger and from the second regenerator were supplied. The lv in the center region just above the distributor was relatively longer because of the strong void coalescence by the large fraction of gas introduction to the distributor. Also, the area-mean lv increased with increasing the height due to the void coalescence which was followed by elongation of the void as exploded bubbles. It indicated the void coalescence was dominant over its splitting in the bed of FCC regenerator, which is similar to exploding bubble regime observed in the dense bed of circulating fluidized bed combustor where bubbles often stretching up from the distributor [20] . The variation of local void chord length (l v ) along the radial direction of the bed and the effect of height in the bed on the area-mean void chord length are shown in Figure 4 . The radial l v exhibited spatially non-uniform distribution, and it had a maximum l v in the annular region at different bed height as in Figure 4a . The radial distribution of local l v along the bed height was somewhat different from that reported by Farag et al. [10] , where the distribution of l v near the distributor was flat and the maximum value was found r/R between 0.8 and 1.0 along the bed height. The difference of results was due to the distributor type and resulting non-uniform gas introduction into the FCC regenerator [19] . The gas was injected into two regions in the first regenerator as in Figure 1b . In the center region (r/R = 0-0.54), fresh air was supplied through a perforated type distributor having large air fraction by large opening ratio compared to the annular region. In the annular region (r/R = 0.54-1.0), air through a pipe sparger and from the second regenerator were supplied. The l v in the center region just above the distributor was relatively longer because of the strong void coalescence by the large fraction of gas introduction to the distributor. Also, the area-mean l v increased with increasing the height due to the void coalescence which was followed by elongation of the void as exploded bubbles. It indicated the void coalescence was dominant over its splitting in the bed of FCC regenerator, which is similar to exploding bubble regime observed in the dense bed of circulating fluidized bed combustor where bubbles often stretching up from the distributor [20] . The variations of local void rising velocity along the radial position of the bed and the area-mean void rising velocity with height are shown in Figure 5 . The local void rising velocity (U v ) showed a maximum value in the vicinity of the center in the radial direction at different height in the bed, and increased along the bed height in accord with the variation of the void chord length as seen in Figure 4 . The distribution of U v was similar to that reported in a conventional bubbling fluidized bed except near the distributor. The bubble flow rate was higher than that in the central core of the bed. A maximum value in the annular region amplified and moved inwards as the height increased. It eventually reached the center of the bed in case of deep bed [18] . However, the U v distribution near the distributor exhibited a maximum value in the core region due to the different air introduction design in the distributor compared to the general perforated type distributor as described above [5] . Also, the local U v at r/R = 0 had relatively lower values due to the flow circulation in the bed, where emulsion phase flowed downward at the center line and upwards in the outer annular region [10] . The area-mean U v increases along the bed height due to increase of l v as in Figure 5b . The variations of local void rising velocity along the radial position of the bed and the area-mean void rising velocity with height are shown in Figure 5 . The local void rising velocity (Uv) showed a maximum value in the vicinity of the center in the radial direction at different height in the bed, and increased along the bed height in accord with the variation of the void chord length as seen in Figure 4 . The distribution of Uv was similar to that reported in a conventional bubbling fluidized bed except near the distributor. The bubble flow rate was higher than that in the central core of the bed. A maximum value in the annular region amplified and moved inwards as the height increased. It eventually reached the center of the bed in case of deep bed [18] . However, the Uv distribution near the distributor exhibited a maximum value in the core region due to the different air introduction design in the distributor compared to the general perforated type distributor as described above [5] . Also, the local Uv at r/R = 0 had relatively lower values due to the flow circulation in the bed, where emulsion phase flowed downward at the center line and upwards in the outer annular region [10] . The area-mean Uv increases along the bed height due to increase of lv as in Figure 5b . The variations of local void frequency (f) along the radial position and the area-mean void frequency with height are shown in Figure 6a ,b. The local frequency had relatively higher values in the core region and decreased toward the wall region due to the bubble flow pattern in the bed ( Figure 5 ). The area-mean void frequency decreased along the column height due to the void coalescence as in the bubbling fluidized bed [18] . The variations of local void frequency (f) along the radial position and the area-mean void frequency with height are shown in Figure 6a ,b. The local frequency had relatively higher values in the core region and decreased toward the wall region due to the bubble flow pattern in the bed ( Figure 5 ). The area-mean void frequency decreased along the column height due to the void coalescence as in the bubbling fluidized bed [18] . The variations of local void frequency (f) along the radial position and the area-mean void frequency with height are shown in Figure 6a ,b. The local frequency had relatively higher values in the core region and decreased toward the wall region due to the bubble flow pattern in the bed ( Figure 5 ). The area-mean void frequency decreased along the column height due to the void coalescence as in the bubbling fluidized bed [18] . The variations of local void fraction (δ) along the radial position of the bed and the area-mean δ along the column height are shown respectively in Figure 7a ,b. The local δ showed spatial non-uniformity with higher values in the core region over r/R=0.5, as observed in other void properties as in Figure 7a . The δ decreased towards the wall region of the bed due to emulsion circulation pattern in the gulf-stream structure of the bed [18] , which corresponds to the distributions of the lv and the void frequency. The down-flow emulsion phase near annular region suppresses the void activity [10] . The area-mean δ increases along the bed height due to the void coalescence as in Figure 7b . The variations of local void fraction (δ) along the radial position of the bed and the area-mean δ along the column height are shown respectively in Figure 7a ,b. The local δ showed spatial non-uniformity with higher values in the core region over r/R=0.5, as observed in other void properties as in Figure 7a . The δ decreased towards the wall region of the bed due to emulsion circulation pattern in the gulf-stream structure of the bed [18] , which corresponds to the distributions of the l v and the void frequency. The down-flow emulsion phase near annular region suppresses the void activity [10] . The area-mean δ increases along the bed height due to the void coalescence as in Figure 7b . The void properties in the FCC regenerator with the turbulent fluidized bed exhibit the similar trends of bubble behaviors in the bubbling fluidized bed, although the voids had explosive, chaotic, and relatively irregular characteristics compared to the bubbles in the bubbling fluidized beds at lower gas velocity. The trends were also reported in studies on turbulent fluidized bed with Geldart B particles in column with large diameter over 0.3 m, where slugging was not observed [7, 21] . These similar trends may come from the void size are not limited by the column walls [22] . Therefore, the void properties in the turbulent fluidized bed of FCC catalysts (Geldart A) such as the FCC regenerator can be described by the conventional bubbling bed concept.
Prediction of Void Properties
A lot of commercial fluid bed reactors are operated at the turbulent fluidization which is difficult to explain the bed behaviors with discrete bubbles. To date, there are still not enough mechanistic models which deal with the turbulent regime. Bubbling models are often used here although with some anxiety [5] . Werther and Wein [7] proposed that the structure of a turbulent fluidized bed can be well described using conventional bubbling bed concept. However, their results are limited to Geldart B particles such as sand particles. The void nature in turbulent fluidized bed of Geldart A particles is somewhat different from that of Geldart B particles [23] . In the study, the observed voids are assumed to have characteristics of exploding bubble like the jet from the distributor nozzle. The jet length has generally good correlation with solid and gas density ratio and dimensionless numbers such as Froude number and Archimedes number [8, 24] . The obtained area-mean void chord lengths from this study and literature in Table 2 on the turbulent fluidized bed with FCC particles have been correlated with experimental parameters as following. The void properties in the FCC regenerator with the turbulent fluidized bed exhibit the similar trends of bubble behaviors in the bubbling fluidized bed, although the voids had explosive, chaotic, and relatively irregular characteristics compared to the bubbles in the bubbling fluidized beds at lower gas velocity. The trends were also reported in studies on turbulent fluidized bed with Geldart B particles in column with large diameter over 0.3 m, where slugging was not observed [7, 21] . These similar trends may come from the void size are not limited by the column walls [22] . Therefore, the void properties in the turbulent fluidized bed of FCC catalysts (Geldart A) such as the FCC regenerator can be described by the conventional bubbling bed concept.
A lot of commercial fluid bed reactors are operated at the turbulent fluidization which is difficult to explain the bed behaviors with discrete bubbles. To date, there are still not enough mechanistic models which deal with the turbulent regime. Bubbling models are often used here although with some anxiety [5] . Werther and Wein [7] proposed that the structure of a turbulent fluidized bed can be well described using conventional bubbling bed concept. However, their results are limited to Geldart B particles such as sand particles. The void nature in turbulent fluidized bed of Geldart A particles is somewhat different from that of Geldart B particles [23] . In the study, the observed voids are assumed to have characteristics of exploding bubble like the jet from the distributor nozzle. The jet length has generally good correlation with solid and gas density ratio and dimensionless numbers such as Froude number and Archimedes number [8, 24] . The obtained area-mean void chord lengths from this study and literature in Table 2 
The correlation coefficient of Equation (5) is 0.92 and standard error is 0.254. A good agreement between the measured and calculated values from Equation (5) was shown as in Figure 8 . The void velocity can be expressed on the basis of bubbling fluidized bed concept as following [7, 18] .
where Vv is the visible void flow rate based on unit bed area and it is related to void fraction (δ) and void rising velocity (Uv) as following [7] .
The Vv obtained from Equation (7) can be related to the excess gas velocity (Ug − Umf) as:
Werther and Wein [7] reported that ϕ from Equation (8) can be correlated with Archimedes number and showed an empirical correlation as following. ϕ = 1.45 Ar −0.18 (10 2 < Ar < 10 4 )
However, the values obtained from present and previous studies [5, 9, 10] on FCC particles do not follow Equation (9) . Therefore, ϕ in Equation (8) has been correlated with experimental parameters from studies in Table 2 
The area-mean void rising velocities have been correlated with the experimental parameter of present and previous studies [5, 9, 10] , assuming the void has the shape of the exploding bubble as Equation (11) [5] . The void velocity can be expressed on the basis of bubbling fluidized bed concept as following [7, 18] .
0.5 (6) where V v is the visible void flow rate based on unit bed area and it is related to void fraction (δ) and void rising velocity (U v ) as following [7] .
The V v obtained from Equation (7) can be related to the excess gas velocity (U g − U mf ) as:
Werther and Wein [7] reported that φ from Equation (8) However, the values obtained from present and previous studies [5, 9, 10] on FCC particles do not follow Equation (9) . Therefore, φ in Equation (8) has been correlated with experimental parameters from studies in Table 2 
The area-mean void rising velocities have been correlated with the experimental parameter of present and previous studies [5, 9, 10] , assuming the void has the shape of the exploding bubble as Equation (11) [5] .
The θ in Equation (6) follows an empirical correlation as Equation (12) derived from experimental parameters from studies in Table 2 .
The φ and θ values calculated by Equations (10) and (12) are compared with values obtained from results in present and previous studies [5, 9, 10] as in Figure 9 . (8) and (9) from the correlations and the experimental data.
The comparison between the measured and calculated void rising velocities from Equation (6) using Equations (8) and (10)- (12) is shown in Figure 10 . It shows a good agreement with average error of 13.5%. Finally, an existing bubbling bed model was found to be sufficient to describe the void properties in the dense bed of the regenerator operated at turbulent fluidization regime. A few results from previous studies show some deviation from the predicted void chord length and rising velocity as in Figures 8 and 10 , because the different distributor type, column diameter, and bed aspect ratio may affect the void behavior in the turbulent fluidized bed. The results and prediction in the study suggests the FCC regenerator has a gulf streaming of emulsion induced by the uneven The comparison between the measured and calculated void rising velocities from Equation (6) using Equations (8) and (10)- (12) is shown in Figure 10 . It shows a good agreement with average error of 13.5%. (8) and (9) from the correlations and the experimental data.
The comparison between the measured and calculated void rising velocities from Equation (6) using Equations (8) and (10)- (12) is shown in Figure 10 . It shows a good agreement with average error of 13.5%. Finally, an existing bubbling bed model was found to be sufficient to describe the void properties in the dense bed of the regenerator operated at turbulent fluidization regime. A few results from previous studies show some deviation from the predicted void chord length and rising velocity as in Figures 8 and 10 , because the different distributor type, column diameter, and bed aspect ratio may affect the void behavior in the turbulent fluidized bed. The results and prediction in the study suggests the FCC regenerator has a gulf streaming of emulsion induced by the uneven Finally, an existing bubbling bed model was found to be sufficient to describe the void properties in the dense bed of the regenerator operated at turbulent fluidization regime. A few results from previous studies show some deviation from the predicted void chord length and rising velocity as in Figures 8 and 10 , because the different distributor type, column diameter, and bed aspect ratio may affect the void behavior in the turbulent fluidized bed. The results and prediction in the study suggests the FCC regenerator has a gulf streaming of emulsion induced by the uneven void or exploding bubble rise in the dense bed, indicating there is additional research area such as an improvement of the distributor design for further increasing the performance related to the mixing of catalysts and air in the regeneration of spent catalysts.
Conclusions
The local void chord length, rising velocity, frequency, and fraction exhibited their maximum values along the radial direction of the dense bed in an FCC regenerator. The area-mean void chord length, rising velocity and fraction increased and the area-mean void frequency decreased along the bed height. The void properties in the FCC regenerator with turbulent fluidized bed had tendencies similar to those in bubbling fluidized beds. The void properties in the FCC regenerator have been correlated with the experimental parameter based on the bubbling fluidized bed model. The bubbling fluidized bed model was found to be sufficient to describe the void properties in the dense bed of the regenerator at turbulent fluidized bed regime.
